Multiple cancer signalling networks take part in regulatory crosstalks with the Hippo tumour suppressor pathway through the transcriptional cofactor Yes-associated protein (YAP). Nevertheless, how YAP is controlled by pathway crosstalks in tumourigenesis remains poorly understood. Here, we performed a targeted kinase inhibitor screen in human cancer cells to identify novel Hippo pathway regulators. Notably, we identified the nerve growth factor (NGF) receptor tyrosine kinase (NTRK1), a molecule not previously associated with Hippo signalling. NTRK1 inhibition decreased YAP-driven transcription, cancer cell proliferation and migration. Furthermore, using a complementary functional genomics approach and mouse xenograft models, we show that NTRK1 regulates YAP oncogenic activity in vivo. Mechanistically, NTRK1 inhibition was found to induce large suppressor kinase 1 (LATS1) phosphorylation and to control YAP subcellular localization. Taken together, these results provide compelling evidence of crosstalks between the NGF-NTRK1 and Hippo cancer pathways.
Introduction
The Hippo signalling pathway is frequently deregulated in many types of cancer [1, 2] . The core kinase cascade of the Hippo pathway consists of large suppressor kinase 1/2 (LATS1/2), STE20-like kinase 1/2 (Mst1/2) and the RASSF family of proteins [3, 4] . Transcriptional coactivator Yesassociated protein (YAP) is a key downstream effector of the Hippo pathway and when dephosphorylated translocates to the nucleus and drives gene expression programs that control cell proliferation, cell migration and invasion. Comprehensive pan-cancer analyses of common cancer types have identified frequent and widespread YAP overexpression in colorectal, hepatocellular, lung, ovarian, pancreatic, and prostate carcinomas [5] . Consistent with these reports, we have previously shown that YAP is amplified in mouse mammary tumours [6] . Furthermore, the expression of constitutively active YAP induces epithelialto-mesenchymal transition, apoptosis suppression and anchorage-independent growth [6, 7] .
The upstream mechanisms controlling Hippo pathway activation, including post-translational YAP regulation, remain poorly characterized. Hence, a better understanding of the full topology (and identity) of pathways linked to Hippo signalling is required to decipher the oncogenic mechanisms and potential targets in a broad spectrum of cancers. Since YAP signalling depends on its phosphorylation status, we sought to identify novel signalling molecules/effectors that modulate YAP function by performing a target-specific kinase screen. Our experimental design used a cell-based reporter to quantify the effects of a panel of well-characterized kinase inhibitors on YAP These authors contributed equally: Xinyuan Yang, He Shen activity in real time. Specifically, we used two metrics in this assay: (i) luciferase activity as assessed by using a YAP-regulated reporter [8] and (ii) cell proliferation measured by Resazurin assays. Using this approach, we identified a compound, Ro 08-2750, that robustly inhibited YAP target gene connective tissue growth factor (CTGF) promoter-driven luciferase activity. Ro 08-2750 is known to inhibit nerve growth factor (NGF) binding to neurotrophic receptor tyrosine kinase 1 (NTRK1) and p75 NTR , and this binding regulates synaptic strength and plasticity in the mammalian nervous system [9, 10] . NTRK1 mediates the many effects of NGF signalling in nerve cells, e.g. promoting cell proliferation or differentiation [11] , through receptor auto-phosphorylation and induction of MAPK/ ERK and AKT/PKB signalling pathways [12] . Of particular interest, the overexpression of NGF and NGF receptors in cancers implicates the functional role of NGF signaling in non-neuronal carcinogenesis [13] .
In the current report, we show that the inhibition of NTRK1 suppresses cancer cell proliferation and migration. This effect is mediated through the direct regulation of Hippo signalling and YAP phosphorylation. Also, we provide evidence of crosstalks between the Hippo and NGF-NTRK1 cancer pathways in vivo. Collectively, these results provide unique molecular insight into both pathways, with potential implications for identifying new targets for cancer diagnosis or treatment.
Results
Identification of Ro 08-2750 as a potent inhibitor of CTGF promoter-driven luciferase activity Deregulation of the Hippo signalling pathway promotes tumour development and progression [4, 14] . Re-activation of Hippo pathway activity has been suggested as an anticancer therapy [3, 15] . To identify key regulatory kinases involved in YAP oncogenic function, we co-transfected 293AD cells with YAP and a luciferase reporter driven by the CTGF promoter [8] . CTGF is a well-known YAP target that mediates the pro-proliferative function of YAP [16, 17] . We measured the effect of 80 selective kinase inhibitors on luciferase reporter activity in transfected 293AD cells. Notably, one compound, Ro 08-2750, which blocks NGF binding to p75 NTR and NTRK1 [9] , inhibited CTGF promoter activity by~80% (Fig. 1a) and in a dose-dependent manner (Fig. 1b) ; however, this compound had a negligible effect on 293AD cell proliferation ( Supplementary Fig. 1A ). Also, several other kinase inhibitors were identified that could inhibit CTGF promoter activity ( Supplementary Fig.  1B ). However, we decided to focus our efforts on Ro 08-2750, because our results implicated a novel functional interaction between NTRK1 and YAP.
NTRK1 inhibition suppresses the proliferation and migration of PANC1 and MDA-MB231 cells
Effects of NGF-NTRK1 on tumour cells have been previously reported, but the results are conflicting [18] [19] [20] . Therefore, we first used a cell enumeration approach to examine the effects of NTRK1 inhibition on two distinct cancer cell lines with well-defined YAP activity: PANC1 [21] (pancreatic) and MDA-MB-231 (breast) cancer cells [22] . After 24, 48 , and 72 h of Ro 08-2750 treatment (5 and 10 μM), cell proliferation was decreased in a dose-and time-dependent manner compared to that in the control and DMSO groups (P < 0.05) (Fig. 2a) . Next, we determined the effects of NTRK1 inhibition on colony formation in PANC1 and MDA-MB231 cells. As expected, Ro 08-2750 decreased both the size and number of colonies (Fig. 2b) . Additionally, the effects of Ro 08-2750 treatment on the cell Fig. 1 Kinase inhibitor screen identifies Ro 08-2750 as a potent inhibitor of CTGF promoter-driven luciferase activity. a Luciferase activity measurement in duplicate in response to 10 µm kinase inhibitor treatments. b Immunoblot analyses were performed with anti-YAP or anti-GAPDH antibodies. The samples were lysates from vector-or YAP-WT-transfected 293AD cells. GAPDH was used as the loading control. c Luciferase activity was measured in response to DMSO-, 5 or 10 μm Ro 08-2750-treated CTGF promoter luciferase, renilar-and YAP-WT-co-transfected 293AD cells. Error bars represent SD; **P< 0.01; ***P < 0.001 by two-tailed Student's t test migration potential of PANC1 and MDA-MB-231 cells were investigated using wound-healing assays. Ro 08-2750-treated cells failed to migrate after 24 h, whereas the mocktreated control cells filled the wound gap well (Fig. 2c) . To corroborate the NTRK1 inhibition effects, we employed two additional NTRK1 small-molecule inhibitors GNF 5837 and AG 879, respectively. GNF 5837 and AG 879 treatment inhibited CTGF promoter reporter activity (Supplementary Fig. S2 ). Also, AG 879 treatment decreased MDA-MB-231 cell proliferation and migration (Supplementary Fig. S3B, C) .
Effects of NTRK1 inhibition on the Hippo pathway
To test whether Ro 08-2750 activates the Hippo pathway, we measured the active forms of p-MST1/2 and p-LATS1, and the inactive form of p-YAP (S127). As shown in Fig. 3a , we found that although Ro 08-2750 treatment induced LATS1 and YAP1 phosphorylation, there were no notable effects on MST1/2 phosphorylation. Interestingly, Ro 08-2750 treatment decreased the relative nuclear YAP protein level and increased the cytoplasmic YAP level (Fig. 3b) . In addition, the expression of several YAP target genes (e.g., ADMTS1, ANKRD1 and CYR61) was suppressed by Ro 08-2750 treatment in MDA-MB-231 and PANC1 cells (Fig. 3c) . Furthemore, AG 879 treatment of MDA-MB-231 cells exhibited comparable effects ( Supplementary Fig. S3A ). Taken together, these results suggest that NTRK1 inhibition activates LATS1 and suppresses YAP transcriptional co-activator function(s).
YAP-S127A eliminates the effect of NTRK1 inhibition
Because LATS1-mediated Serine 127 phosphorylation led to YAP exclusion from nucleus, we generated a YAP (S127A) mutant resistant to LATS1 phosphorylation [7] . Subsequently, to determine whether NTRK1 inhibition affects constitutively active YAP, we transduced MDA-MB-231 with a vector control or YAP (S127A) (Fig. 4a) . We found that the treatment of MDA-MB-231 cells with Ro 08-2750 decreased the proliferation in the control cells but not in the cells expressing the active form of YAP ( Fig. 4b ; Supplementary Fig. 4A ). Similarly, wound-healing assays revealed that cell migration was suppressed by Ro 08-2750 treatment in the control cells, but this effect was eliminated by YAP-S127A expression ( Fig. 4c; Supplemental Fig. 4b ).
NTRK1 stimulation by NGF promotes cancer cell growth and migration
The results presented thus far indicate that NTRK1 inhibition activates LATS1 and inactivates YAP function. To test the converse hypothesis, i.e., whether NGF stimulation inactivates LATS1 and activates YAP, we first treated PANC1 and MDA-MB-231 cells with NGF to activate NTRK1 [23] . NGF treatment decreased the p-YAP and p-LATS1 levels in a time-dependent manner (Fig. 5a ). The expression of YAP target genes (CTGF, CYR61 and ANKRD1) was upregulated after NGF treatment (Fig. 5b) . In addition, proliferation was significantly higher in NGFtreated cells than in control cells, and this effect was completely reversed by the YAP small-molecule inhibitor Verteporfin or siYAP (Fig. 5c, d ). Interestingly, using immunostaining, we found that YAP translocated to the nucleus following NGF treatment ( Supplementary Fig. S5 ). In accordance with this result, colony formation and woundhealing assays also showed that NGF treatment potentiated cancer cell growth and migration (Fig. 5e ).
NTRK1 knockdown inhibits cell proliferation and migration
To investigate the functional consequences of NTRK1 gene expression, we knocked down NTRK1 using siRNA (siNTRK1) in PANC1 and MDA-MB-231 cancer cells. Knocking down NTRK1 dramatically reduced cell proliferation as measured by cell proliferation and colony formation assays (Fig. 6a-d) . Furthermore, the perturbation of NTRK1 inhibited cell migration (Fig. 6e) and increased the levels of the active form of p-LATS1 and the inactive form of YAP (pYAP-S127) (Fig. 6a) . Consistent with these findings, reduction of NTRK1 diminished its effects in YAP-S127 A-transformed MDA-MB-231 cells (Supplementary Fig. S6 ). Three independent experiments were performed. Error bars represent SD; *P < 0.05; **P < 0.01 by two-tailed Student's t test NTRK1 knockdown inhibits tumour growth in mouse xenograft model Next, to determine whether NTRK1 suppression affects xenograft tumour growth, we first transduced PANC1 and MDA-MB231 cells with lentiviral shCon or shNTRK1 constructs. As expected, we observed an increase in p-LATS1 and p-YAP in the NTRK1 knockdown cells (Fig. 7a) . Likewise, when these cells were treated with NGF, the previously observed decrease in p-YAP and p-LATS1 protein levels was eliminated, further corroborating the critical role of NTRK1 in mediating the effects of NGF via the Hippo pathway (Fig. 7b) . Finally, we subcutaneously injected PANC1 and MDA-MB231 cells that had been transduced with either shCon or shNTRK1s into SCID mice and monitored tumour growth. As shown in Fig. 7c , tumour growth was inhibited in mice transplanted with NTRK1 knockdown cells compared to that in mice transplanted with control cells (Fig. 7c) . Immunoblots using the shCon-or shNTRK1-derived samples confirmed a marked reduction in YAP protein levels in the NTRK1 knockdown tumours (Fig. 7d) .
Discussion
The core kinase cascade of the Hippo pathway consists of LATS1/2, the adaptor protein MOB1, and Ste20-like protein kinase Mst1/2 andthe WW domain-containing protein WW45 [1] . Hippo signalling is controlled by a complex network of upstream components and mechanisms, many of which are involved in the regulation of cell adhesion and cell polarity [15] . For example, signalling from G-proteincoupled receptors and their ligands has been recently established to regulate YAP activity [24] .
The control of YAP nuclear localization represents an exciting area in the design of new modalities for therapeutic intervention. For example, Liu-Chittenden et al. [25] identified verteporfin as a potent inhibitor of YAP1/TEAD interactions, and this compound inhibited YAP-induced liver growth in YAP-overexpressing or neurofibromin 2 (NF2)/merlin-inactivated mice. Likewise, Song et al. [26] identified a small molecule (CA3) that dramatically inhibited YAP1/TEAD transcriptional activity and oesophageal adenocarcinoma cell growth. Additionally, porphyrin-and dipyrrin-related derivatives have been reported to directly target TAZ or YAP proteins and inhibit TEAD transcriptional activity [27] . In this study, we performed a targeted kinase inhibitor screen in human cancer cells to identify novel non-canonical Hippo pathway kinases that control cell proliferation and survival. Our investigations began with the unexpected observation that pharmacological inhibition of NTRK1 suppressed the reporter activity of a YAP canonical target gene (CTGF). This finding suggested a novel crosstalk between NTRK1 and YAP. A subsequent analysis of the subcellular localization of YAP further revealed that NTRK1 inhibition augmented YAP cytoplasmic localization and that pharmacological or genetic inhibition of NTRK1 suppressed the transcriptional expression of YAP target genes. Notably, although the total LATS1, MST and YAP protein levels were not affected, LATS1 and YAP phosphorylation was induced by NTRK1 inhibition. Consistent with these results, the direct stimulation of NTRK1 by NGF led to decreased p-YAP and p-LATS protein levels and YAP target gene expression, as well as cell proliferation and migration. Future molecular studies are needed to understand how NTRK1 activation alters the downstream signalling events in the Hippo pathway. Nonetheless, functionally associating NTRK1 with the Hippo signalling pathway reveals an important and new aspect of NGF growth factor signalling that regulates cancer cell growth in vitro and promotes tumour growth in mice. The samples were lysates from siControl or siYAP-transfected PANC1 or MDA-MB231 cells. GAPDH was used as the loading control. Three independent experiments were performed. Error bars represent SD; *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student's t test. e Representative images of wound-healing assay for DMSO-or 200 ng/mL b-NGF-treated PANC1 or MDA-MB231 cells in serumfree medium for 24 h (left panel). Quantifications of wound closure estimation from three independent experiments (right panel). Error bars represent SD; **P < 0.01 by two-tailed Student's t test In summary, our data recognize the importance of NTRK1-mediated post-transcriptional control of YAP that promotes cancer cell proliferation and tumourigenesis (Fig. 7e) . When NGF drives NTRK1 activation, YAP co-activates the transcriptional expression of survival genes implicated in cell proliferation. On the other hand, inhibiting NTRK1 modulates LATS1/2 phosphorylation and YAP cytoplasmic sequestration. Collectively, our data expand our knowledge of how Hippo signalling interacts with other oncogenic pathways. Moreover, our findings support the previously ill-defined capacity of NGF signalling to contribute to the acquisition of tumourigenic potential, thus indicating that further exploration and investigation of therapeutics targeting this pathway is warranted.
Materials and methods
Cell culture, siRNA transfection and viral transductions 293AD, MDA-MB-231 and PANC1 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum (FBS). MDA-MB-231 and PANC1 cells were obtained from the American Type Culture Collection (ATCC, VA). 293AD cells were kindly provided by Daniel Haber (MGH, Boston). All cell cultures were authenticated by short tandem repeat profiling and routinely tested for mycoplasma.
ON-TARGETplus Non-targeting siRNAs (D-001810-0×) and SMARTPOOL ON-TARGETplus NTRK1 siRNAs (L-003159-00-0005) or YAP1 siRNA (L-012200-00-0005) targeting human NTRK1 or YAP1 were acquired from Dharmacon (Lafayette, CO). DharmaFECT 1 Transfection Reagent (T2001-02) has been used to transfect the siRNAs at a final concentration of 20 nmol/L. Cell lysates or functional assays were performed~72 h after siRNA transfection.
The human YAP wild-type and YAP-S127A expression constructs were previously described [6, 7] . Lentivirus and retrovirus packaging, cell transduction and puromycin cell selection were performed as previously described [28] .
RNAi gene target sequences are summarized below (5′−3′ direction):
shNon-target-Con: CAACAAGATGAAGAGCACCAA; shNTRK1-A: AGTCAGCCACGGTGATGAAAT; shNTRK1-B: TATCTACAGCACCGACTATTA;
Quantitative real-time PCR (qRT-PCR)
Total RNA was prepared using Trizol Reagent (Life Technologies; MA) and quantitative real-time PCR was performed using standard protocols. GAPDH expression Quantifications of primary tumour weight were measured 6 weeks after the subcutaneous injection of shCon-or shNTRK1-transduced PANC1 or MDA-MB-231 cells into SCID mice. n = 5 mice per group; error bars represent SD; ***P < 0.001 by two-tailed Student's t test. d Immunoblot analyses were performed with anti-NTRK1, anti-YAP or anti-GAPDH antibodies. The samples were lysates from primary tumours that were injected with shCon-or shNTRK1-transduced PANC1 or MDA-MB-231 cells in SCID mice. GAPDH was used as the loading control. e Schematic model of the effect of NTRK1 regulation on YAP function secondary antibodies were incubated with the membrane for 2 h. ECL Plus Western Blotting Detection Reagents (GE Healthcare; PA) were used for protein detection. Anti-NTRK1 (#2505), anti-YAP (#14074), antiphospho-YAP (Ser127) (#13008), anti-LATS1 (#9153), anti-phospho-LATS1 (Ser909) (#9157), anti-MST1 (#14946) and anti-phospho-MST1/2 (T183/T180) (#3681) antibodies was purchased from Cell Signalling Technologies (Beverly, MA); anti-GAPDH (#Y1041) antibody from Ubiquitin-Proteasome Biotechnologies (Aurora; CO); and anti-Flag M2 antibody from Sigma-Aldrich (#F1804-1MG).
Immunofluorescence assay
Immunofluorescence staining was performed as previously described [29] .
Luciferase reporter assay
CTGF promoter reporter luciferase reporter construct was kindly provided by Dr. Camargo. Briefly, luciferase reporter, Renilla and YAP1 wild-type constructs were co-transfected into 293AD cells with X-tremeGENE 9 DNA Transfection Reagent following the manufacturer's protocol (Roche). Firefly and Renilla luciferase activities were detected by Dual-Luciferase Reporter Assay (Promega; WI). Each sample was performed in triplicate and a minimum of three independent experiments were performed.
Cell proliferation and colony formation assay
MDA-MB231 and PANC1 cells were seeded in 35-mm dishes at a concentration of 2 × 10 4 cells/mL. Cells were treated with DMSO, Ro 08-2750 (5 and 10 μm), or 200 ng/ mLbNGF for 24, 48 and 72 h. Post treatment, cell numbers were counted using a hemocytometer. For colony formation assays,~200 cells/well were plated into a six-well plate, images were taken and colonies were counted after 3 weeks. The NTRK1 inhibitor was added every day. Each accumulation of more than 50 cells was counted as a positive colony. Each sample was performed in triplicate and three independent experiments were performed.
Wound-healing assay
MDA-MB-231 or PANC1 cells grown to confluency were scratched and grown for 24 h in a medium containing +/−10% FBS (for b-NGF treatment experiments). Images were taken 24 h later. Each sample was performed in triplicate and three independent experiments were performed.
In vivo tumour xenograft assay
In vivo tumour growth assays were performed as previously described [30] . Female NOD/SCID mice of 6-8 weeks were obtained from RPCI. Animal experiments were performed under the rules provided by Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee of the RPCI (Buffalo, NY).
Kinase inhibitor library screen
The kinase inhibitor screen was performed by the Small Molecule Screen Shared Resource at RPCI. YAP wild-type plasmid and CTGF promoter luciferase reporter were cotransfected into HEK293AD cells. Transfected cells were treated with 10 μM Tocriscreen Kinase Inhibitor Toolbox (Tocris Bioscience 3514) in a 384-well plate for 24 h in duplicate. Luciferase activity and cell survival were measured by luciferase assay (Promega; WI) and Resazurin cell enumeration assay (Thermo Fisher Scientific; MA). Luciferase activities and cell survival for each drug were compared with those of DMSO-treated controls,.
Statistical analysis
Statistical tests were performed using the SPSS statistics software package (SPSS, IL). All results are expressed as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.
